The Rieske 2Fe2S cluster of Chlorobium limicola forma thiosulfatophilum strain tassajara was studied by electron paramagnetic resonance spectroscopy. Two distinct orientations of its g tensor were observed in oriented samples corresponding to differing conformations of the protein. Only one of the two conformations persisted after treatment with 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone. A redox midpoint potential (E m ) of ؉160 mV in the pH range of 6 to 7.7 and a decreasing E m (؊60 to ؊80 mV/pH unit) above pH 7.7 were found. The implications of the existence of differing conformational states of the Rieske protein, as well as of the shape of its E m -versus-pH curve, in green sulfur bacteria are discussed.
The cytochrome bc complex, the only energy-conserving enzyme of both photosynthetic and respiratory electron transport systems, has been studied in depth in mitochondria and purple bacteria (10) (bc 1 complex), as well as in chloroplasts and cyanobacteria (12) (b 6 f complex).
Species possessing a cytochrome bc-type enzyme are spread over the entire phylogenetic tree (24) of the bacteria (the complex has been found in green sulfur [14, 33] and green filamentous [35] bacteria, in deinococci [9] , and in firmicutes [15, [17] [18] [19] 29] ), and some of its constituent proteins are even present in archaea (2; for a discussion of the evolutionary implications, see reference 6). The tacit assumption, however, that the bc complexes found in the latter organisms would resemble either the cytochrome bc 1 -or the cytochrome b 6 ftype enzymes has been invalidated in recent years by detailed studies of the complex in firmicutes (15, 34) . The finding that in the archaeon Sulfolobus acidocaldarius, the cytochrome bc complex does not exist as a separate entity but that components thereof apparently are part of a quinol oxidase supercomplex (2) further illustrated the diversity of cytochrome bc-type enzymes and suggested the existence of "peculiar" representatives of this class of enzymes in the hitherto only scantly studied branches of the phylogenetic subtree of the bacteria.
The complex in green sulfur bacteria has been studied in some detail. Again, functional studies detected the typical characteristics known for cytochrome bc complexes from mitochondria and chloroplasts (13) . The green sulfur bacterial enzyme, however, appeared to differ from other examined systems with respect to the possible absence of a subunit corresponding to cytochrome c 1 or f (33) . The recently published X-ray structure of the mitochondrial cytochrome bc 1 complex strongly indicated that long-range conformational movement of the Rieske protein, i.e., a shuttling between cytochrome b and cytochrome c 1 , is a crucial part of enzyme turnover (7, 36) . The possible lack in chlorobiaceae of a c-heme subunit therefore raises the question of the possibility of such a conformational change in the green sulfur bacterial enzyme. Results concerning the electrochemical parameters of the Chlorobium Rieske cluster suggested a pK value of 5 (14, 27) . This pK value differs significantly from those found in most of the other systems studied (16, 19, 23, 27, 29) , for which pK values of about 8 have been determined. To date, only one further exception to the "pK of 8" class of Rieske centers has been reported, i.e., the cluster found in the archaeon S. acidocaldarius with a pK value of close to pH 6 (3).
In the present work, we have studied the mentioned set of "deviant" characteristics of the green sulfur bacterial cytochrome bc complex in more detail. The results obtained allow a better assessment of the similarities and differences between the Chlorobium enzyme and that of the other species studied so far and thus help to clarify the positioning of the green sulfur bacterial cytochrome bc complex in the evolutionary pathway of this class of enzymes.
The following abbreviations are used in this report: DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone; E m , redox midpoint potential; MES, 2-(N-morpholino)ethanesulfonic acid; MOPS, morpholinepropanesulfonic acid; MK, menaquinone; PQ, plastoquinone; UQ, ubiquinone.
Chlorobium limicola forma thiosulfatophilum strain tassajara (kindly provided by N. Pfennig, Constance, Federal Republic of Germany) was grown, and membrane fragments were isolated as described previously (1) . For oriented membrane multilayers, membrane fragments from C. limicola were separated from chlorosomes by the method of Schmidt (31) . Redox titrations were performed at 15°C as described by Dutton (8) , in the presence of 30 mM MES, MOPS, Tricine, 3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulfonic acid, and glycine. Oriented membrane multilayers were obtained as described by Rutherford and Sétif (30) . A DBMIB-treated sample was obtained by applying a solution of DBMIB to an already dried sample and then drying it again under a stream of argon gas in darkness. All of the chemicals used were reagent grade. Electron paramagnetic resonance (EPR) spectra were recorded on a Bruker ESP 300E X-band spectrometer fitted with an Oxford Instruments cryostat and temperature control system.
Partial orientation of membrane samples was achieved by drying liquid suspensions of membrane fragments onto sheets of mylar (30) . The resulting oriented membrane multilayers allowed determination of the orientations of the principal gtensor axes of the C. limicola Rieske center with respect to the membrane plane. Figure 1a shows spectra taken at orientations of 0°and 90°(angle between the magnetic field and the membrane plane) in the absence of inhibitor (continuous line). The spectra were characterized by a derivative-shaped g y signal at g ϭ 1.9 and a g x trough at g ϭ 1.815. The g z signal (not shown) was largely obscured by a wide radical signal.
The dependence of signal amplitude on angle in the absence of inhibitor is shown in the polar plots of Fig. 1b and c (continuous line) for g y (1.90) and g x (1.815), respectively. According to these data, a large fraction of Rieske centers point their g y and g x orientations parallel and perpendicular, respectively, to the membrane, i.e., similar to what has been reported for cytochrome bc 1 complexes (26) or for the cytochrome bc complex in the gram positive-bacterium PS3 (19) . In contrast to these latter systems, however, a broad additional maximum in the polar plot of g y was observed at high angles with respect to the membrane (Ͼ50°). No obvious second maximum could be discerned at the g x signal (g ϭ 1.815). To determine whether the peculiar side maximum on g y was due to sample preparation or reflected actual heterogeneity of g-tensor orientation, the sample of dehydrated membranes was subsequently treated with the quinone analog DBMIB. The DBMIB-induced alterations of the spectrum (Fig. 1a, dotted curves) 12) ; i.e., the uninhibited 1.9 g y signal was displaced to 1.95 and the g x trough was shifted from 1.815 to 1.9. A slight trough at g ϭ 1.815 persisted in the DBMIB-treated sample, indicating that a fraction of centers had not bound the inhibitor. This was most probably due to incomplete penetration of the DBMIB solution down to the lowest layers of membranes on the mylar sheet (22) . In the presence of the inhibitor, the side maximum at 90°visible for g y of the uninhibited state (i.e., at g ϭ 1.9) completely disappeared, leaving g y (at g ϭ 1.95) highly oriented parallel to the membrane plane (Fig. 1b, dotted  curve) .
The orientation of the g ϭ 1.9 signal, which consisted predominantly of the g x trough arising from DBMIB-inhibited centers and to a much lesser extent of the g y line of uninhibited centers, was found to be mainly perpendicular to the membrane plane with a small side maximum at 0° (Fig. 1c) . The side maximum at 0°most probably arose from the contribution of the g y line of centers devoid of inhibitor. The orientations of the g x and g z signals arising from the "second" species in the uninhibited state could not be determined, since the spectral region of the g z peak was dominated by a large radical signal and the g x trough was apparently too broad to be picked up (see below).
The observation of two distinct orientations of the Rieske cluster's g tensor suggests the existence of two significantly different conformations of the Chlorobium Rieske protein with respect to the membrane. The conformation giving rise to g y at high angles with respect to the membrane is converted to the "normal" conformation by binding of DBMIB. It is noteworthy that such differing and interconvertible conformational states of the Rieske protein are strongly reminiscent of the two positions of the Rieske protein that have recently been elucidated by X-ray crystallography for the cytochrome bc 1 complex from mitochondria (7). The second orientation of g y found in the uninhibited complex from C. limicola, furthermore, strongly resembles the second conformation of Rieske centers that we have recently succeeded in observing by EPR on the oriented purified cytochrome bc 1 complex from purple bacteria after specific sample treatments (5). The second conformation in the purple bacterial complex gave rise to g x troughs significantly wider and hence more difficult to observe than the g x trough of the normal conformation, providing a rationalization of why the second g x could not be observed in the membrane sample from C. limicola.
The second orientation of the Rieske g tensor is not observed in the cytochrome bc 1 complex from purple bacteria or in the cytochrome bc complex from Bacillus strain PS3 unless specific sample treatments are performed (5) . This suggests significant differences in the equilibrium distributions of the two conformational states of the reduced Rieske protein between the former two systems on the one hand and the green sulfur bacterial complex on the other. However, two distinct orientations of the Rieske g tensor differing in relaxation properties have already been observed by EPR on the cytochrome b 6 f complex from spinach chloroplasts (29, 32) . Structural heterogeneity and purely physical explanations were proposed (29) to account for the experimental observations. However, since the X-ray crystallographic structure of the mitochondrial cytochrome bc 1 complex (7, 36) indicates that the Rieske protein can move between a position close to cytochrome c 1 and another one close to cytochrome b, it appears much more likely that the two orientations observed in spinach chloroplasts actually arise from structural heterogeneity. The cytochrome b 6 f complex contains a c-type cytochrome (cytochrome f) analogous to cytochrome c 1 in the mitochrondrial-purple bacterial complex. The fact that the second conformation is observable in the green sulfur bacterial enzyme, as well as in the cytochrome b 6 f complex, therefore indicates that the detailed equilibrium distribution is modulated by molecular details rather than by the absence or presence of a cytochrome c subunit. Moreover, the occurrence of a domain movement of the Rieske cluster in Chlorobium raises the question of whether a hitherto undetected cytochrome (not present in the reported operon) plays the role of cytochrome c 1 or f in C. limicola or whether this movement of the Rieske protein shuttles the electron to a different redox protein.
The domain movement of the Rieske protein thus appears to be an essential feature of enzyme turnover in cytochrome bc-type complexes of bacteria. An in-depth examination of the orientation properties of the Rieske protein in the archaeon S. acidocaldarius will allow judgement of whether such a domain movement is indispensable for the functioning of this type of enzyme in general or whether it represents an evolutionary peculiarity restricted to the domain of the bacteria.
The dependence of E m on the pH value of the Chlorobium Rieske cluster is depicted in Fig. 2 (filled squares) . The redox potential was found to be independent of pH up to about pH 7.7 at an E m value of ϩ160 mV. At higher pH values, a decrease with a slope of Ϫ60 to Ϫ80 mV/pH unit was observed. The dotted curve represents, for comparison, the E m -versus-pH dependence obtained previously for the Rieske cluster in the firmicutis Bacillus strain PS3 (19) . The data points reported previously (14) for the Chlorobium Rieske center are shown as open diamonds. Our results are in conflict with these data, which were previously interpreted to suggest a pK value of 5 (14, 27) .
It is noteworthy that the pH-dependent region of the E mversus-pH curve in other cytochrome bc complexes is described by two distinct pK values (19) (20) (21) , resulting in a slope increasing from Ϫ60 mV/pH unit to Ϫ120 mV/pH unit above pH 10. The two dissociable protons involved in the pH-dependent redox transition have been tentatively identified (16) as the two N ε protons of the histidine ligands (11) to the 2Fe2S cluster. A slope steeper than Ϫ60 mV/pH unit for the C. limicola Rieske cluster, as suggested by the data points, would indicate the presence of two distinct pK values also in the green sulfur bacterial system. A determination of the second (higher) pK value in C. limicola, however, is beyond the scope of this work. The redox midpoint potential of the Rieske center in C. limicola in the pH-independent region below the pK was determined as ϩ160 mV. This value is approximately 150 mV lower than those observed in "classic" cytochrome bc complexes (ubiquinol [UQH 2 ]-or plastoquinol [PQH 2 ]-oxidizing cytochrome bc 1 or cytochrome b 6 f complexes, respectively) but strongly resembles those observed in the menaquinol (MKH 2 )-oxidizing complexes from Bacillus strain PS3 (19) (Fig. 2) , Thermus thermophilus (16) , and Heliobacterium chlorum (18) . Three different quinones were found in C. limicola, i.e., MK-7, OH-MK-7, and the so-called chlorobiumquinone (25, 28) . The redox potential of chlorobiumquinone was determined to be ϩ40 mV (28), i.e., significantly higher than those of the other two MK species (E m , ϳϪ70mV). The similarity of the Chlorobium E m -versus-pH curve to those of species using MK as pool quinone therefore strongly indicates that one of the two MKs, rather than chlorobiumquinone, serves as pool quinone for Chlorobium.
A pK value in the vicinity of 8 therefore appears to be common to both UQH 2 -or PQH 2 -oxidizing and MKH 2 -oxidizing cytochrome bc complexes. The Rieske center of the archaeon S. acidocaldarius, with a pK value close to 6.2 (3), represents the only exception to this general rule. The acidophilicity of S. acidocaldarius, its exceptional type of quinone (2), or its localization within the domain of the archaea could explain this deviant pK value. The study of cytochrome bc complexes in acidophilic bacteria will help to elucidate this problem.
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